Reversal of Nonlocal Vortex Motion in the Regime of Strong
  Nonequilibrium by Otto, Florian et al.
ar
X
iv
:0
90
8.
38
84
v1
  [
co
nd
-m
at.
su
pr
-co
n]
  2
6 A
ug
 20
09
Reversal of Nonlocal Vortex Motion in the Regime of Strong Nonequilibrium
Florian Otto,1, ∗ Ante Bilusˇic´,1,2 Dinko Babic´,3 Denis Yu. Vodolazov,4 Christoph Su¨rgers,5 and Christoph Strunk1
1Institute for Experimental and Appl. Physics, University of Regensburg, D-93025 Regensburg, Germany
2Faculty of Natural Sciences, University of Split, N. Tesle 12, HR-21000 Split, Croatia
3Department of Physics, Faculty of Science, University of Zagreb, Bijenicˇka 32, HR-10000 Zagreb, Croatia
4Institute for Physics of Microstructures, Russian Academy of Sciences, 603950, Nizhny Novgorod, GSP-105, Russia
5Physikalishes Institut and Center for Functional Nanostructures Universita¨t Karlsruhe, D-76128 Karlsruhe, Germany
(Dated: November 29, 2018)
We investigate nonlocal vortex motion in weakly pinning a-NbGe nanostructures, which is driven
by a transport current I and remotely detected as a nonlocal voltage Vnl. At high I , the measured
Vnl exhibits dramatic sign reversals that at low and high temperatures T occur for opposite polarities
of I . The sign of Vnl becomes independent of that of the drive current at large |I |. These unusual
effects can be nearly quantitatively explained by a novel enhancement of magnetization, arising
from a nonequilibrium distribution of quasiparticles at high T , and a Nernst-like effect resulting
from local electron heating at low T .
PACS numbers: 74.25.Qt,74.25.Fy,74.78.Db,74.78.Na
Motion of the Abrikosov vortex lattice in type-II su-
perconductors results in strong deviations of the quasi-
particle distribution function from that in equilibrium
[1, 2, 3] when the lattice is strongly driven by a trans-
port current. Close to the critical temperature Tc, over-
heating of quasiparticles within the vortex cores leads to
a shrinkage of the cores, accompanied by decreasing the
effective viscosity coefficient η - the Larkin-Ovchinnikov
(LO) instability [1], while the quasiparticles outside the
cores remain in thermal equilibrium. At low T , the entire
quasiparticle subsystem is heated because of the larger
electron-phonon collision time. This results in an expan-
sion of the cores instead of their shrinkage, while η again
decreases [2, 3]. In both cases, the current-voltage [V (I)]
characteristics are very nonlinear - can become even hys-
teretic [4] - and are in fact so similar that the difference
can be resolved only via a quantitative analysis [4, 5].
However, vortex shrinkage and vortex expansion are dif-
ferent effects and should lead to qualitative differences in
other properties.
In this Letter, we report novel effect in the recently
discovered nonlocal vortex flow in the transversal flux
transformer geometry (TFTE) [6, 7], which allow a clear
distinction of the above two opposite types of nonequilib-
rium. We apply a drive current I in one part of the sam-
ple (local lead) and measure the voltage response (Vnl)
in a remote part of the superconductor connected with
first one via a channel of the same material [see the inset
to Fig. 1(a)]. In such a geometry, one can probe changes
in the vortex lattice which occur in the local lead via
changes in the interaction between vortices in the local
lead and vortices in the rest of the sample. In this way,
we can detect a novel nonequilibrium enhancement of the
magnetization of the superconductor in the LO state with
respect to the equilibrium magnetization and observe a
Nernst-like signal at low T .
Previously, Vnl(I) was investigated in the linear re-
sponse regime [6, 7]. The main features of these stud-
ies can be accounted for by a simple model of locally
driven vortices pressurizing those in the channel by re-
pulsive vortex-vortex interaction [7]. I applied between
the contacts 1 and 2 in the inset to Fig. 1(a) decreases
exponentially in the perpendicular channel, with a decay
length W/π ≪ L [6, 8]. Thus, ≈ nφWX driven vor-
tices face ≈ nφWL vortices in the channel, where X is
the effective length over which the driving force fdr (per
unit vortex length d) acts, nφ = B/φ0 the vortex den-
sity, φ0 the magnetic flux quantum, B = Bext + µ0M ,
Bext the external magnetic field, M the magnetization,
and µ0 = 4π · 10−7Vs/Am. The driven vortices push
or pull those in the channel by exerting a pressure p =
(nφWX)(fdr/W ). The resulting force pWd is balanced
by the total frictional force (nφWL)(ηunld) on the vor-
tices in the channel (which move at velocity unl). For a
superconductor with a large magnetic penetration depth
λ, i.e., nφ ≈ Bext/φ0, using Vnl = WBextunl for the
voltage detected at the probes 3 and 4, one obtains
Vnl =WBextXfdr/ηL . (1)
At low I, i.e., close to equilibrium, fdr is given by
the Lorentz force fL = jφ0, where j is the transport
current density. In Ref. [7], X = W led to Vnl =
(WBextφ0/ηLd)I = RnlI. This reproduced the observed
Vnl ∝ I and Vnl ∝ 1/L even in the presence of pinning
[16].
Our d = 40 nm thick a-Nb0.7Ge0.3 samples are pro-
duced by electron-beam lithography and magnetron sput-
tering. The local current leads (1,2) are connected to the
nonlocal voltage probes (3,4) via a perpendicular channel
of L = 2 µm and W = 250 nm. All data for Vl(I) refer
to passing I between 1 and 3, and measuring Vl between
2 and 4. Since W is also the width of all other narrow
sample parts, in particular that linking 1 and 2, Vl(I)
and Vnl(I) can be compared directly. Measurements of
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FIG. 1: Typical local (black lines) and nonlocal (colored sym-
bols) V (I) curves. (a) T = 0.75K = 0.26 Tc (at Bext = 3.0T,
b = 0.64), and (b) T = 2.50K = 0.85 Tc (at Bext = 0.50 T,
b = 0.50). Inset to (a): Sample geometry; L = 2µm,
W = 250 nm. Inset to (b): Saturation voltages of Vnl plotted
against b, for low (red) and high (blue) T .
Vl(I) provided all relevant parameters of our samples:
Tc = 2.94K, the normal-state resistivity ρn = 1.82µΩm,
−(dBc2/dT )T=Tc = 2.3T/K, where Bc2 is the equilib-
rium upper critical magnetic field, and the Ginzburg-
Landau (GL) parameters κ = 72, ξ(0) = 7.0 nm, and
λ(0) = 825 nm. The low pinning in a-Nb0.7Ge0.3 allowed
for dc measurements of Vnl ∼ 10− 200 nV, which was at
the level of Rnl ∼ 0.1 Ω in the low-I linear regime. All
measurements were carried out in a 3He cryostat, with
Bext perpendicular to the film plane.
Typical results for the two limiting cases of low (T =
0.75K = 0.26Tc) and high (T = 2.50K = 0.85Tc) tem-
peratures are shown in Fig. 1(a) and Fig. 1(b), respec-
tively. The Vl(I) curves exhibit a nonlinear shape char-
acteristic of strong-nonequilibrium (SNEQ), originating
either in (a) electron heating [2, 4, 5] or (b) LO vortex-
core shrinking [1, 4, 5]. On the other hand, Vnl(I) dis-
plays the previously observed linear, antisymmetric de-
pendence [i.e., Vnl(−I) = −Vnl(I)] only at low I. Upon
increasing I, sudden sign reversals of Vnl are observed
in both regimes: at a certain I, the antisymmetric sig-
nal converts into a symmetric one. The sign of Vnl can
be unambiguously attributed to the following directions
in the inset to Fig. 1(a): at low positive (negative) I,
the positive (negative) Vnl corresponds to vortex motion
upwards (downwards) in the channel. When I is high,
vortices move either downwards (T ≪ Tc, Vnl < 0), or
upwards (T → Tc , Vnl > 0), irrespective of the direction
of I. The saturation values of |Vnl| at high I are plot-
ted vs b = Bext/Bc2 in the inset to Fig. 1(b). In both
cases, nonzero values are observed only at intermediate
b, with a maximum efficiency around b = 0.6 (b = 0.45)
at low (high) T , similarly to the previously observed Bext
sweep traces of Vnl at low I [6, 7]. As argued in Ref. [7],
the vanishing of Vnl at low Bext is presumably related to
nφ becoming smaller than the density of pinning sites,
whereas Vnl(Bext → Bc2) → 0 because the sample goes
to the normal state.
We first discuss the regime T ≪ Tc. Assigning the
corresponding high-j SNEQ state to electron heating to
T = T ∗ above the bath temperature T0 was successful
in explaining the measured Vl(I) of Refs. [2, 4, 5]. An
analysis of the present Vl(I) [8] within the same frame-
work permits to extract T ∗(Vl) and, using Vl(I), also
T ∗(I), which is more convenient for a comparison with
the Vnl(I) data (see below). The hot electrons penetrate
into the channel, which remains at T = T0, roughly up to
LT =
√
Dτ0 ≈ 295 nm ∼W . Here, D = 4.80 · 10−5m2/s
is the diffusion constant, and τ0 ≈ 1.82 ns is the relax-
ation time of the hot electrons, resulting from the men-
tioned analysis [8]. Hence, there is a T gradient which
leads to a thermal driving force fT = −Sφ∇T and conse-
quently to the Nernst effect. Sφ is the vortex transport
entropy [9]. The Nernst effect should lead to vortex mo-
tion downwards, which agrees with the observed Vnl < 0.
Since T ∗−T0 ∼ 1 K typically, the observed temperature
gradients |∇T | ∼ (T ∗ − T0)/LT ∼ 1 K/µm are much
larger than in usual measurements of the Nernst effect.
The above is elaborated in Fig. 2, where the result
for Bext = 3.0T (b = 0.64) is analyzed more closely.
The shape of Vnl(I) in Fig. 1(a) suggests to consider the
symmetric (+) and antisymmetric (−) parts of Vnl sepa-
rately via V ±nl (I) = [Vnl(I)± Vnl(−I)]/2, which is shown
in Fig. 2(a). V −nl (I) at low I is fairly linear as expected,
since fdr = fL, while V
+
nl (I) is very small. Upon increas-
ing I, this is followed by a rapid suppression of V −nl (I) and
a simultaneous growth of V +nl (I) < 0 to a constant value
comparable to that of the maximum V −nl (I) > 0. Return-
ing to Fig. 1(a), one can note that this dramatic change
occurs around I where Vl(I) ≈ RnI, signifying the tran-
sition to the normal state in the local region [4, 5] and
consequent vanishing of fL. Furthermore, |I| where the
sign of Vnl changes steeply on the I > 0 side (fL and fT
act oppositely) coincides with |I| where Vnl has a local
minimum on the I < 0 side (fL and fT add); in both
cases, this marks that only fT remains effective at higher
|I|.
In the main panel of Fig. 2(b), we plot T ∗(I) extracted
according to the electron heating model [4, 5] in the su-
perconducting state and from noise measurements in the
normal state [8], whereas in the inset we show a sketch
of the T profile along the sample. One can see that the
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FIG. 2: (a) Measured Vnl at T ≪ Tc: antisymmetric (red) and
symmetric (black) part of the nonlocal signal at T = 0.75K
and Bext = 3.0T. (b) Effective electron temperature T
∗(I),
where the black line stems from an analysis of Vl(I), and the
red line from noise measurements in the normal state. Inset:
Sketch of the temperature profile along the channel.
electron heating is basically absent at low I, then sets
in very steeply until it reaches Tc(Bext) that represents
Bc2(T ) [4, 5, 8], after which it changes with I only weakly.
The nearly flat V +nl (I) at high I hence corresponds to
T ∗ ≈ Tc(Bext), so |∇T | ≈ [Tc(Bext) − T0]/LT = δT/LT .
Using Eq. (1), we can extract Sφ from our data by focus-
ing on the saturating values of V +nl (I). We approximate
fdr = fT ≈ SφδT/LT and X ≈ LT to obtain
Sφ = Vnlφ0/RnlδTd , (2)
which does not contain LT . Since Sφ and Rnl depend
on the properties of the channel (where T = T0), the
observed V +nl (I) ≈ const. follows straightforwardly. In
the (Bext, T ) range of our data, we find Sφ ∼ 0.1 − 1.5 ·
10−12 Jm−1K−1 [8], which is in reasonable agreement
with a theoretical estimate ∼ 0.1− 0.2 · 10−12 Jm−1K−1
obtained by using the Maki formula [10, 11], as well as
with experimental data on films of Nb (0.05− 1.5 · 10−12
Jm−1K−1) [12] and of Pb-In (0.2 − 5 · 10−12 Jm−1K−1)
[13].
We now turn to the regime T → Tc. An analysis [8]
of the Vl(I) in the spirit of Refs. [4, 5] reveals that this
SNEQ state corresponds to the LO vortex-core shrink-
ing [1], with T ≈ T0 everywhere because electron heating
is strongly suppressed close to Tc [2, 4, 5]. Vl(I) for
T ≪ Tc and T → Tc are at first glance rather similar, so
the difference becomes obvious only through a numeri-
cal analysis [4, 5]. In contrast, the qualitatively different
Vnl(I) curves in Fig. 1 leave no doubt that we are deal-
ing with two distinct SNEQ phenomena. As before, the
shape of Vnl(I) [see Fig. 1(b)] suggests to consider V
+
nl (I)
and V −nl (I) separately, which is shown in Figs. 3(a) and
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FIG. 3: Measured V +nl (I) (a), and V
−
nl (I) (b) at T = 2.50K =
0.85 Tc and b = 0.45 (black), 0.50 (red), 0.55 (green) and 0.60
(blue). (c) Calculated js/jGL and |∆|/∆0 (inset) vs r/ξ(u =
0) for different u/uLO . (d) Calculated (Mneq − Meq)/Meq
against u/uLO at different b (as indicated).
3(b), respectively. V −nl (I) at low I is linear for small b,
which implies the presence of fL, whereas this is difficult
to claim for higher b where the signal is small over the
entire I range. At high I, however, V −nl (I) is small re-
gardless of b. V +nl (I), on the other hand, increases with
increasing I, and eventually saturates at a value compa-
rable to that of the maximum Nernst signal at low T ,
albeit with the opposite sign. The smallness of V −nl (I)
at high I suggests inefficiency of fL in this regime. This
can be understood by recalling [see Fig. 1(b)] that the
Vl(I) for these I is close to the normal-state dissipation,
which means that most of the current is normal [1] - and
normal current does not contribute to fL.
Since fL is negligible and T ≈ T0, there must be
yet another driving force which governs the TFTE at
high I. Below we show that this force has the same
origin as the LO effect on Vl(I), that is, a deviation
δg(ǫ) of the quasiparticle distribution function g(ǫ) from
geq(ǫ) = tanh(ǫ/2kBT ) = g(ǫ)− δg(ǫ) in equilibrium. An
additional consequence of δg is an enhancement of the
supercurrent density js flowing around the vortex core,
which can be calculated following [1, 14]
js =
1
ρne
(
π
4kBTc
|∆|2 + π
2
|∆|δg(|∆|)
)(
∇ϕ− 2e
h¯
A
)
,
(3)
where ∆ = |∆|exp(iϕ) is the order parameter and A
the vector potential. The term ∝ |∆|2 corresponds to
the equilibrium contribution to js in the GL model, and
the term ∝ δg to the SNEQ correction. δg is positive
for energies less than the maximal value |∆|max of the
order parameter in a single-vortex cell [1], and |∆| is en-
hanced near the vortex core [see the inset to Fig. 3(c)].
Both these factors lead to a growth of js near the vor-
tex core [see Eq. (3)]. Therefore, the magnetic moment
4m = (1/2)
∫
[r× js]dScell of each cell in the vortex lattice
increases in the LO state.
We base our model on addressing m to find M along
the direction of Bext, which is alternative (but much sim-
pler with regard to the role of δg) to using the Gibbs free
energy density for the same purpose. Qualitatively, m
of a given cell creates a dipole magnetic field which in
the surrounding cells opposes Bext, hence an increase of
js results in a stronger diamagnetic response. Note that
the same argument can be used to explain increase of
the equilibrium diamagnetism of the mixed state as T
decreases. Quantitatively, we have to determine g(ǫ) and
|∆|. We follow the LO model and solve numerically the
modified GL equation for |∆| (see Eq. (A49) in [1]) cou-
pled with the equation for g(ǫ) (see Eq. (A45) in [1]).
In Fig. 3(c), we plot exemplary js/jGL vs re-
duced radial coordinate r/ξ, where jGL ≃ 0.93∆0(1 −
T/Tc)
1/2/ξρne is the equilibrium GL depairing current
density, ∆0 ≃ 3.06kBTc(1− T/Tc)1/2, and ξ corresponds
to that at zero vortex velocity u. Results are shown for
three different u relative to the LO vortex velocity uLO
[1]; the corresponding |∆|/∆0 is shown in the inset by
the same colors. By summing up the resulting m of each
cell, one can find the difference δM = Mneq −Meq of the
nonequilibrium (Mneq) and equilibrium (Meq) magneti-
zation. This is presented in Fig. 3(d). The maximum of
δM/Meq occurs for b ∼ 0.2 (at u/uLO ≈ 1). At smaller
b, the enhancement of js near the core gives a small con-
tribution to m. At larger b, the suppression of |∆| at the
cell boundary [due to δg(ǫ) < 0 for ǫ > |∆|max] becomes
important. We show results up to u = 2uLO, where the
LO approach becomes invalid at T ∼ 0.85Tc.
The spatial variation of M across the boundary be-
tween the local region and the channel occurs over a
length of about the intervortex distance a0 ≈
√
φ0/Bext,
and induces a current density jM = ∇ ×M that flows
along that boundary. This current creates a force fM =
jMφ0 that is again independent of the direction of I, pulls
the vortices toward the local lead (which results in Vnl >
0), and dominates the total fdr in the SNEQ regime near
Tc. The typical |δM | ≃ |Meq| ≃ (Bc2 − Bext)/2µ0κ2 ≃
35A/m (=ˆ 88µT at Bext = 0.45T) is rather small but
appears over a very small distance a0(Bext = 0.45T) ≃
70 nm, thus providing jM ≃ 500MA/m2 which is of the
same order as the transport current densities we used -
as I = 1µA corresponds to j = 100MA/m2. We again
employ Eq. (1) to estimate Vnl. Since jM = ∂M/∂x ≈
|δM |/a0 and X ≈ a0, with fdr = fM we obtain
Vnl = [WBexta0/ηL]jMφ0 = Rnl|δM |d , (4)
from which a0 has dropped out again. Inserting typical
values of Rnl ≈ 0.1Ω and |δM | ≈ 35A/m, we find Vnl ≈
140 nV, which is quite close to the measured values.
In view of the simplicity of our model, the agreement
between the experiment and theory is rather remarkable.
A full quantitative account of the phenomenon would re-
quire inclusion of other effects on the interface of the local
region and the channel - such as details of entry/exit tra-
jectories for the fast and slow vortices, etc. However,
these corrections may depend on the sample geometry,
and we believe that the main physics of TFTE close to
Tc is captured by our model.
In conclusion, nonlocal measurements allowed us to
qualitatively distinguish two different types of vortex mo-
tion in strong nonequilibrium. According to our theory,
close to Tc a new type of nonequilibrium magnetization is
built up in the drive wire, which pulls the vortices towards
the drive channel. At low temperatures, electron heat-
ing leads to a Nernst effect, which pushes vortices away
from the drive channel. Remarkably, this happens irre-
spectively of the sign of the drive current in both cases.
The qualitative features as well as the absolute values
of the observed nonlocal voltages agree well with the re-
sults of our model calculations. Our results offer a new
possibility to probe the presence of vortices or vortex-
like excitations as currently discussed in the context of
cuprate superconductors [15].
We acknowledge discussions with I. Kokanovic´, V. Vi-
nokur, Y. Galperin and R. Gross, and financial support
by the DFG within GK 638. A.B. acknowledges support
from the Croatian Science Foundation (NZZ). D.Y.V. ac-
knowledges support from Dynasty Foundation.
∗ Present address: attocube systems AG, Germany.
[1] A. I. Larkin and Yu. N. Ovchinnikov, in Nonequilib-
rium Superconductivity, edited by D. N. Langenberg,
A. I. Larkin (North Holland, Amsterdam, 1986).
[2] M. N. Kunchur, Phys. Rev. Lett. 89, 137005 (2002).
[3] M. N. Kunchur, B. I. Ivlev, and J. M. Knight,
Phys. Rev. Lett. 87, 177001 (2001).
[4] D. Babic´, in New Frontiers in Superconductivity Re-
search, edited by B. S. Martins (Nova Science Publishers,
New York, 2006).
[5] D. Babic´,et al., Phys. Rev. B 69, 092510 (2004).
[6] I. V. Grigorieva et al., Phys. Rev. Lett. 92, 237001
(2004).
[7] A. Helzel et al., Phys. Rev. B 74, 220510(R) (2006).
[8] F. Otto, Ph.D. thesis, (Universita¨tsverlag Regensburg,
2008); M. Henny et al., Phys. Rev. B 59, 2871 (1999).
[9] R. P. Huebener, Magnetic Flux Structures in Supercon-
ductors, (Springer, New York, 2001).
[10] K. Maki, J. Low Temp. Phys. 1, 45 (1969).
[11] N. B. Kopnin, J. Low Temp. Phys. 1, 45 (1969).
[12] R. P. Huebener and A. Seher, Phys. Rev. 181, 701 (1969).
[13] F. Vidal, Phys. Rev. B 8, 1982 (1973).
[14] A. Schmid, G. Scho¨n, and M. Tinkham, Phys. Rev. B
21, 5076 (1980).
[15] see, e.g., I. Kokanovic´, J. R. Cooper, and M. Matusiak,
Phys. Rev. Lett. 102, 187002 (2009) and refs. therein.
[16] Pinning affects Rnl, but could be accounted for by a mod-
ified η.
